This study shows that exposure to low concentrations of the polyphenol tannic acid (Ta) induces potent life-prolonging properties in Caenorhabditis elegans. in addition, enhanced thermal stress resistance, reduced growth, and slightly increased oxidative stress resistance were observed, although reproductive capacities and pharyngeal pumping rate were not modulated. Exploiting a suite of 14 mutant strains revealed that the mitogen-activated protein kinase kinase sEK-1 (saPK/ERK kinase) is a key player involved in Ta-mediated longevity. it is conceivable that Ta mimics pathogen action and therefore activates the sEK-1-mediated pathogen resistance pathway. This pathway is thought to inhibit potential detrimental effects of Ta and may also be involved in the longevity process. The observed dose response suggests the presence of a hormesis effect, and the growth impairment is in agreement with the "Disposable soma Theory." This report underlines the uniqueness of Ta-mediated longevity and facilitates a first glimpse into its complex mode of action.
T annins are secondary metabolites with polyphenolic structure, which are widely distributed in the plant kingdom. Their defining characteristic is the ability to precipitate proteins, thus explaining their historic use for converting animal hides to leather. Due to this pragmatic definition, tannins comprise a variety of chemical structures. Because tannins are also abundant in human nutrition, numerous studies have investigated the health effects of tannins, and although some results have been contradictory, the overall consensus highlights their beneficial effects (1) (2) (3) .
Tannic acid (Ta), which belongs to the hydrolyzable tannins, consists of five digallic acid residues covalently linked to a central glucose molecule. This gallotannin is found in various beverages (eg, red wine and tea) and food sources (eg, grapes and nuts). several health benefits of Ta have been reported, including anti-amyloidogenic (4), neuroprotective (5), antimicrobial (6, 7) , anticancer and antimutagenic (8, 9) , and antioxidative (10, 11) properties. in contrast, some detrimental effects have also been highlighted, such as a potential prooxidant action (12) and antinutritional effects, characterized by the decrease of ingestion, growth, net metabolizable energy, and protein digestibility (13) (14) (15) (16) . These observations provoke the hypothesis that Ta is a potent life-extending substance due to effects related to calorie restriction (CR) and/or the "Disposable soma Theory." CR extends the life span as a result of a reduction in food intake via a mode of action that is currently still being discussed (17) (18) (19) . Due to its antinutritional effect, Ta may elicit CR and thus the background of a potential Ta-mediated lifespan extension. Likewise, the documented reduction of growth rate is in sync with the Disposable soma Theory, which states that the amount of energy available to an organism is divided to three sectors, namely, maintenance, growth, and reproduction (20, 21) . if Ta is able to shift energy from the growth sector to the maintenance sector, prolonged life span is a possible consequence. The same mechanism was proposed to mediate an extension of life span in the nematode Caenorhabditis elegans exposed to catechin, a condensed tannin (22) . indeed, C elegans has frequently been used to study background mechanisms of aging (23, 24) , chemical-inducible longevity (25, 26) , as well as nutrition-mediated changes in aging and disease (27) .
This study not only aims to demonstrate the ability of Ta to enhance stress resistance and to extend the life span of C elegans but also uncovers underlying mechanisms by incorporating multiple theories and principles. in addition to CR and the Disposable soma Theory, antimicrobial and antioxidative action, hormesis, the "Green Theory of aging," and several aging-related pathways including the insulin/ insulin-like growth factor 1 (iGF-1) like signaling pathway (iis) will be discussed. 
Lifespan Assay
L4 larvae were transferred with a platinum wire to plastic Petri dishes containing 0, 25, 50, 100, 200, 300, or 400 mM Ta. L4 larvae of the following generation (generation G1) were transferred to small plates (Ø = 35 mm) with about 15 animals per plate. surviving and dead animals were counted daily (starting at the first day of adulthood) until all individuals had died. nematodes that failed to respond to a gentle touch were scored as dead. nematodes suffering from hatching of embryos within the adult hermaphrodite prior to eggs being laid (a so-called "internal hatch") and those that escaped from the nGM agar were censored. During the reproductive period, adult nematodes were transferred daily to new treatment plates, thereafter about every 3 days.
To test for antimicrobial effects, lifespan assays were also conducted with heat-killed OP50 (30 minutes at 65°C) according to Gruber and colleagues (29) . The risk of contamination was reduced by adding ampicillin (final concentration 50 mg/mL) to the nGM agar. Because nematodes fed with heat-killed bacteria escape the plates and suffer from internal hatch, particularly during development and the reproductive period (data not shown), they were only transferred from living to dead bacteria once they had reached an age of 6 days.
Stress Resistance
L4 offspring of pretreated animals (generation G1) were transferred daily to fresh treatment plates. at the 6th day of adulthood, treated and untreated nematodes were either moved to 35°C for 8 hours (thermal resistance trial) or transferred for the same time to M9 buffer containing a final concentration of 0.8 mM hydrogen peroxide (oxidative stress trial). Thereafter, surviving and dead nematodes were counted.
Length Alterations
nematode length was determined by means of a microscope with a graduated eyepiece following killing by heat treatment at 45°C for 2.5 hours. in the first experimental setup, treated and untreated nematodes (generation G1) were sized at the 6th day of adulthood. This measurement mainly considers growth alterations during adulthood because these animals were synchronously selected at the L4 stage. To survey the growth variation during larval and young adult development, nematode length was also measured in these stages. in the second experimental setup, pretreated nematodes were transferred to fresh treatment plates for only 2 hours at the second day of adulthood. The following 7 days, the offspring was sized as described previously.
Reproduction Assay
L4 larvae (generation G1) were transferred individually to treatment plates and moved to a fresh plate each day until reproduction was completed. The offspring of each individual animal was counted at the L2 or L3 stage.
Pharynx Pumping Rate
at the 3rd, 6th, and 9th day of adulthood, the pharyngeal pumping rate was quantified. nematodes of the G1 generation were randomly selected, and the pumping frequency determined three times over a 15-second time span.
Data Interpretation and Statistical Analysis
Median and mean life span and percentage change (compared with the control) were determined. statistical significance for alterations in the mean life span was calculated using a log-rank test (Bioinformatics at the Walter and Eliza Hall institute of Medical Research; http://bioinf.wehi.edu .au/software/russell/logrank). Mean survival rates and percentage change to controls were calculated for the thermal and the oxidative stress resistance assays. statistical significance was calculated via the chi-square test (sigmastat 3.5; sPss inc., Chicago, iL). Daily and total reproductive output, body length, and the pharyngeal pumping rate were determined, and statistical significance calculated by one-way analysis of variance (sigmastat 3.5; sPss inc., Chicago, iL).
Results

TA Significantly Increases Life Span in Wild-Type Nematodes
Wild-type nematodes were exposed to six different concentrations of Ta at 20°C. The most effective concentration (100 mM) resulted in an increase in mean and median life span of 18%; the effectiveness, however, notably declined at higher doses (Table 1) , or indeed, may have induced toxic effects (see trials with 400 mM and single trial with 300 mM Ta in supplementary Table 1 ). in consequence, most assays were conducted using a nominal concentration of 100 mM Ta. in contrast to blueberry polyphenols, which were shown to have life-prolonging properties at 20 and 25°C but not at 15°C (30) , 100 mM Ta was effective in all tested temperatures. The most pronounced effect was observed at 23°C, at which mean and median life span increased by 47.20% and 68.62%, respectively (Table 1) . Life span was even prolonged significantly, though to a lesser extent, when nematodes were exposed to Ta until the 6th day of adulthood but then transferred to (Ta devoid) control plates. Furthermore, the relevance of antimicrobial properties was tested using heat-killed bacteria. However, to reduce the number of censored animals (due to internal hatch or escapees), nematodes were fed live bacteria up to the 6th day of adulthood, a feeding procedure that led to an elongated life span compared with animals subjected to continuous feeding with live bacteria ( Figure 1 ; Table 1 ). nevertheless, the addition of 100 mM Ta extended the life span even further. again, the use of live bacteria and Ta only up to the 6th day of adulthood was, even though not significant, sufficient to prolong the life span. But in both feeding protocols, lifelong Ta exposure (mean lifespan change of 117.61% and 119.06%, respectively) was more effective compared with only initial Ta exposure (mean lifespan change of 107.93% and 106.57%, respectively). Thus, Ta-induced longevity is independent of bacterial survival, but it should be noted that the initial feeding with live bacteria might restrict the interpretation. it should also be noted that while the life-extending effect (regardless of the feeding procedure) was most pronounced around the median time point, maximum life span was almost unaltered.
TA Mediates Distinct Heat Stress Resistance, but Only
Weak Oxidative Stress Resistance several reports have linked longevity and stress resistance in C elegans (31) . Due to the observed life-prolonging property of Ta, an enhanced stress resistance was expected. However, three independent trials of oxidative stress resistance assays yielded highly variable and inconclusive results. The first trial resulted in significant enhancement for all concentrations, whereas the second and third test led to negative or no significant changes (Figure 2a) . Taking all tests together, only 100 mM Ta is able to enhance the oxidative stress resistance. in contrast, the thermal stress resistance trials returned consistent results, with all Ta concentrations in each single trial showing enhanced resistance ( Figure 2B ). different time points, and although the pumping frequency declined over time, no significant differences were observed between the two treatment groups.
The Mutant Strains eat-2, mev-1, and sek-1 Benefit Only Marginally by TA Treatment
numerous genes and pathways involved in stress response, aging, and the determination of life span are already known in C elegans. Thus, loss-of-function mutants were carefully selected to verify their possible involvement in Ta-mediated longevity.
a selection of 14 mutant strains were exposed to 100 mM Ta, and mean and median life span were compared with the respective untreated control. Sek-1(ag1) mutants frequently suffer from internal hatch. These animals were maintained at 15°C because lower temperatures moderate this distracting effect (data not shown). Daf-2(m577) mutants are temperature sensitive and were tested at 23°C to obtain the long-lived phenotype. all remaining strains were maintained at 20°C. Figure 6 illustrates relative differences of each Ta-treated strain compared with the corresponding controls. The most impressive results were achieved using
TA Exposure Reduces Growth
The size of treated and untreated nematodes was determined at the 6th day of adulthood. all four independent trials identified a significant reduction in body lengths in nematodes subjected to 100 mM Ta (Figure 3a ). To determine the time point at which growth retardation starts, nematode size was measured over seven consecutive days following L1 stage ( Figure 3B ). at Day 1, no difference in body length was observed, whereas growth reduction was visible, albeit statistically not significant, at Day 2 and Day 3. at Day 4, all nematodes reached the adult stage and the growth inhibition by Ta was statistically different. Figure 4 demonstrates that 100 mM Ta has no impact on the reproduction rate. neither the daily reproduction pattern nor the total brood size was significantly changed in untreated and treated nematodes. Likewise, the pharyngeal pumping rate (a useful measurement that aids in the detection of altered food intake) was not influenced by 100 mM Ta ( Figure 5 ). The measurements were conducted at three Figure 2 . The influence of tannic acid (Ta) on thermal and oxidative stress resistance. Wild-type nematodes were exposed to 0, 100, 200, and 300 mM Ta, respectively. at the 6th day of adulthood, dead and alive animals were scored following an 8-hour exposure to 0.8 mM hydrogen peroxide (A) or 35°C (B). average survival (total) and single trials are illustrated. The total number of observed animals for the oxidative stress assay are n = 335 (0 mM), n = 360 (100 mM), n = 362 (200 mM), and n = 367 (300 mM). The thermal stress assay comprises n = 335 (0 mM), n = 333 (100 mM), n = 328 (200 mM), and n =317 (300 mM). The errors represent the standard error of the mean and differences compared with control (0 mM) were considered significant at *p < .05 and **p < .005, respectively. The length of Ta-treated (100 mM) and untreated nematodes were measured at the 6th day of adulthood (A). shown are the four independent trials and the average of all trials (total). in total, 342 untreated and 333 treated nematodes were assessed. in addition, the length was measured during development from larvae to adult (B). The first day refers to 1 day after egg stage and each bar represents the average of two independent experiments. More than 120 nematodes per day and concentration were randomly selected for the measurement. The errors represent the standard error of the mean and differences compared with control (0 mM) were considered significant at *p < .05 and **p < .005, respectively. the mutant strains age-1(hx546), nhr-8(ok186), skn-1(zu67), and unc- 43(n498n1186) . The treatment with 100 mM Ta increased mean life span in excess of 30% compared with untreated animals. (Figure 6 ). This is comparable with the results obtained with wild-type nematodes at 20°C. no significant lifespan extension was observed in eat-2(ad465) mutants, whereas the single trials were very heterogeneous ( Table 2 ). This may be the consequence of the behavior of eat-2(ad465) mutants, which tend to escape from the agar in great quantities. . The effect of tannic acid (Ta) on the pharynx pumping rate. The bars represent the average pharyngeal pumping rate in three independent trials. The pumping activity of 30 treated (Ta 100 mM) and untreated (0 mM) worms was monitored at the 3rd, 6th, and 9th day of adulthood. Each nematode was quantified three times for 15 seconds. The errors represent the standard error of the mean and no value reached the significance limit of p < .05. Figure 6 . Mean lifespan alterations of C. elegans mutant strains due to tannic acid (Ta) exposure. The average alteration of the mean life span during exposure to 100 mM Ta in 14 different mutant strains compared with its respective untreated control is illustrated. For the purpose of comparison, the variation of wild-type nematodes (n2) life span at 20°C is also shown. The errors represent the standard error of the mean and differences compared with control (0 mM) were considered significant at *p < .05 and **p < .005, respectively. These characteristics potentially distort the results of individual trials. any marginal benefit of mev-1(kn1) mutants to Ta exposure was not strong enough to be significant in any of the three single trials. Sek-1(ag1) mutants were the only mutants that suffered from toxic effects upon Ta treatment. Four independent trials exhibited a remarkable decline in median and mean life span. in addition, 25 and 50 mM Ta were used for lifespan studies in sek-1(ag1) mutants to assess the possibility of a dose shift due to higher sensitivities in these mutants (Table 2 ). However, none of the exposure scenarios led to significant lifespan changes.
TA Does Not Influence Reproduction and Pharynx Pumping Rate
(ok393), daf-2(m577), daf-12(m20), daf-16(mgDf50), jnk-1(gk7), osr-1(rm1), and sir-2.1(ok434)
Discussion
The model organism C elegans is frequently used to study longevity and the complex phenotype of aging. in this context, numerous short-and long-lived mutants, genes, and pathways were discovered (23) . Moreover, these studies led to the identification of several substances (25) , feeding procedures (32), or physical treatments (33) that exert beneficial health effects and delay the aging process. Polyphenols are a potent substance class able to extend the life span in C elegans (22, 30, (34) (35) (36) (37) . Due to the diversity of phenotypic implications, a simple antioxidative effect is unlikely to be the main reason for longevity. Consequently, in-depth investigations are needed to decipher the underlying mechanisms. This study aims to further our understanding regarding possible background mechanisms of Ta-mediated longevity.
Antimicrobial and Antioxidative Capacities Are Not Major
Players in TA-Induced Longevity several studies have demonstrated the antimicrobial activity of Ta, which is also effective against E coli (1,6,7) . The metabolites of proliferating E coli are known to be harmful to nematodes (38, 39) , thus it could be argued that the inhibition of E coli via Ta may result in longevity. However, contrary to this notion, the life span of nematodes fed with heat-killed bacteria from the 6th day of adulthood is further extended if exposed to 100 mM Ta. surprisingly, feeding live bacteria with added Ta until the 6th day is sufficient to (marginally) prolong life span, but life-long Ta exposure resulted in a pronounced life extension. The transfer to heat-killed bacteria did not attenuate this effect, therefore excluding antimicrobial activity as a prominent mechanism.
The "Free Radical Theory of aging" states that the formation of reactive oxygen species (ROs) leads to the accumulation of damaged macromolecules, which is thought to be a main reason for the aging process (40, 41) . although the antioxidative and radical scavenging properties of Ta (11, 42) are potentially sufficient to delay aging by counteracting the ROs impact, this mechanism is unlikely to promote the life-extending effect of Ta. First of all, Doonan and colleagues (43), Gems and Doonan (44) , and Pun and colleagues (45) have recently provided evidence that antioxidant action is not correlated with longevity in C elegans. second, the oxidative stress resistance by Ta is modest, at least in contrast to the thermal stress resistance. Finally, mev-1(kn1) mutants only weakly benefit from Ta exposure. MEV-1 is a subunit of the complex ii in the electron transport chain (46) . The loss-of-function mutation results in ROs overproduction, hypersensitivity to oxidative stress, and premature aging. if the antioxidative capacity of Ta is the trigger for longevity, mev-1(kn1) mutants should clearly benefit from Ta treatment. Yet, this was not observed in the present study. The observed prooxidant abilities of Ta (12) provide a possible explanation for the failure of Ta in mev-1(kn1) mutants. interestingly, these Ta results are consistent with the blueberry polyphenol survey in C elegans. Wilson and colleagues (30) demonstrated that blueberry polyphenols exposure leads to longevity and thermal stress resistance but unchanged oxidative stress resistance. Moreover, microbial activity seems to be irrelevant for life-prolonging ability, and mev-1(kn1) mutants do not benefit from the treatment. This indicates the potential presence of analogous modes of action.
DAF-16, the IIS Pathway and the Green Theory of Aging Are Not the Key to TA Action
The iis pathway is one of the best-studied lifespan modulating cascades. The insulin receptor DaF-2 negatively regulates the transcription factor DaF-16 via aGE-1 and aKT-2 (47) (48) (49) (50) . after translocation to the nucleus, DaF-16 is responsible for the transcription of numerous repair, antioxidant, and detoxification genes; therefore, its activation leads to enhanced stress response and extended life span. Other proteins closely linked to the iis pathway or DaF-16 are JnK-1, DaF-12, sKn-1, and siR-2.1. JnK-1 is thought to transfer stress signals via phosphorylation and subsequent activation of DaF-16 (51, 52) , and the steroid hormone receptor DaF-12 leads to accumulation of DaF-16 in the nuclei of neurons (53) . The transcription factor sKn-1 is regulated by aKT-2 and regulates stress response in parallel to , and the histone deacetylase siR-2.1 promotes nuclear DaF-16 activity through direct binding (55) . Mutant strains of these genes all benefited from Ta exposure, thus are not necessary for Ta action and can be excluded as main elicitors.
On the basis of these findings, the Green Theory of aging is also unlikely to explain the Ta effect. Gems and McElwee (56) stated that a broad-spectrum detoxification, probably mediated by iis signaling, antagonizes the aging process. However, the transcription factors, DaF-16 and sKn-1, both regulators of the detoxification system, and other iis components are dispensable for Ta-mediated longevity. Moreover, the nuclear hormone receptor nHR-8, which is part of the biotransformation system (57), is also not essential for Ta action. in summary, for Ta, there is little evidence that supports the Green Theory of aging.
UNC-43 and OSR-1 Are Dispensable but Not SEK-1
Wilson and colleagues (30) stipulated that the OsR-1/ UnC-43/sEK-1 pathway, which regulates osmotic stress resistance, is the mediator for longevity via blueberry polyphenols. Pietsch and colleagues (37) showed that sEK-1 and UnC-43 are important for quercetin-mediated longevity but not OsR-1. in the present study, sEK-1, but not OsR-1 and UnC-43, is necessary to achieve longevity with Ta; moreover, the absence of sEK-1 resulted in a toxic effect of Ta. sEK-1 is part of a mitogen-activated protein kinase pathway and can act downstream of UnC-43 to regulate neuronal cell fate (58, 59) . However, sEK-1 can also operate independently of UnC-43 and OsR-1 to regulate pathogen resistance (60) . Therefore, it could be argued that Ta activates (indirectly) sEK-1 to enhance resistance to pathogenic stress, resulting in longevity. However, two questions remain unanswered: First, why does the removal of pathogenic stress via feeding with heat-killed bacteria not lead to the disappearance of the Ta-mediated longevity effect? and second, how can the negative effect of 100 mM Ta in sek-1(ag1) mutants be explained? at least a second mechanism must be involved in triggering longevity. One possibility is that Ta acts like a pathogen in C elegans and sEK-1 protects against the harmful effects of Ta. at this stage, it remains unclear whether the activation of the sEK-1-mediated pathogen defense via Ta is the main mediator of longevity or just an inhibitor of Ta's "dark side." The latter assumption indicates that Ta acts through at least two parallel ways: the sEK-1 pathway, which moderates the toxic effect of Ta, and another, unidentified, pathway, which leads to longevity.
The CR Effect Seems Not Sufficient to Explain Longevity
The antinutritional effects of tannins (13) indicate that Ta may extend life span by acting as a CR mimetic. at least two ways of Ta action are feasible: by reducing the food intake or by directly activating the CR pathway. The first possibility is unlikely because of the unchanged pharyngeal pumping rate during Ta exposure. To address the second possibility, eat-2(ad465) mutants, which exhibit the CR phenotype due to decreased pharyngeal pumping (17) , were tested in the presence or absence of Ta. The contradictory results cannot sufficiently verify the assumption. as two of three trials did not show any life-extending property of Ta, the CR mimetic hypothesis cannot be excluded. in addition, because nematodes with reduced ingestion exhibit a longer life and reduced growth (61), the observed decrease in the body length offers further support toward CR. in contrast, the impairment of reproductive capacity, a characteristic of CR (48, 62, 63) , is not detectable. Moreover, Lenaerts and colleagues (19) reported that feeding heat-killed bacteria induces a CR effect. Therefore, the ability of Ta to prolong the life of heat-killed OP50 fed nematodes contradicts the CR hypothesis. at least the lifespan assay with sir-2.1(ok434) mutants should be investigated in detail. several reports have stated that siR-2.1 is involved in the CR pathway (34, (64) (65) (66) . Given that Ta was able to induce life extension in sir-2.1(ok434) mutants, it is unlikely that Ta operates via the CR pathway. nevertheless, numerous articles question the siR-2.1/CR connection (67) (68) (69) (70) .
Hormesis and the Disposable Soma Theory Partly Explain Longevity via TA
son and colleagues (71) discussed possible hormetic action(s) of dietary phytochemicals. The hormesis effect is a benefit, such as longevity, that has arisen due to mild stress and is in stark contrast to detrimental effects observed due to the exposure to higher doses of the stressor. Does it also apply to Ta? The lifespan data support hormesis because the beneficial effect of Ta becomes apparent at lower concentrations (between 25 and 200 mM) and shifts to a toxic effect at higher concentrations (300 mM and in particular 400 mM). although, the oxidative stress assay is consistent with hormesis, the results from the thermal resistance assay were not. The importance of sEK-1 also fits to a hormetic mechanism. Ta may mimic a mild pathogenic stress, which enhances the sEK-1-based pathogen defense system. it has been stipulated that the condensed tannin building block, catechin, acts according to the Disposable soma Theory (22) . if the same holds true for the hydrolysable tannin, Ta, an energy shift between the three sectors maintenance, growth, and reproduction should occur. although Ta did not influence the reproductive capacities, it simultaneously reduced body length and prolonged life span. This implies the presence of an energy imbalance in favor of the maintenance sector, which requires additional energy for longevity. There is evidence that the Disposable soma Theory supports the observation of a Ta-mediated lifespan extension.
nevertheless, it should be noted that the validation of the Disposable soma Theory and the hormesis effect does not provide detailed mechanistic and molecular information about Ta action but certainly can offer help to classify the mode of action of Ta and to compare the action with other substances.
Conclusions
Ta is a potent life-prolonging tannin in C elegans and is almost independent of the temperature or food quality. Furthermore, Ta enhances thermal stress resistance, but exhibits only weak resistance against oxidative stress. Taking all bioassays together, antioxidative and antimicrobial properties, the modulation of the iis pathway, the activation of DaF-16 or sKn-1, and the mimicking of the CR effect do not sufficiently describe the main background mechanism for Ta-mediated longevity. One possible way of action comprises several theories: Ta may mimic pathogenic stressors, and low doses activate the pathogen resistance pathway, which is mediated by sEK-1. it follows that the organism is better prepared for stress and, in turn, lives longer. However, elevated Ta concentrations, or when the function of the sEK-1 pathway is restricted, result in severe stress. The additional energy that is required for the stress defense and the resulting longevity is gained from the growth energy depot. This approach connects, for the first time, the hormetic effect with the Disposable soma Theory via the sEK-1-mediated pathogen resistance pathway. additional pathways and mechanisms of action are likely to support Ta-mediated longevity, which are subject to future investigations.
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